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The role of diffusion-driven pure 
climb creep on the rheology of 
bridgmanite under lower mantle 
conditions
Riccardo Reali1, James A. Van Orman2, Jeffrey S. Pigott2,3, Jennifer M. Jackson4, 
Francesca Boioli1,5, Philippe Carrez1 & Patrick Cordier1

The viscosity of Earth’s lower mantle is poorly constrained due to the lack of knowledge on some 
fundamental variables that affect the deformation behaviour of its main mineral phases. This study 
focuses on bridgmanite, the main lower mantle constituent, and assesses its rheology by developing an 
approach based on mineral physics. Following and revising the recent advances in this field, pure climb 
creep controlled by diffusion is identified as the key mechanism driving deformation in bridgmanite. The 
strain rates of this phase under lower mantle pressures, temperatures and stresses are thus calculated 
by constraining diffusion and implementing a creep theoretical model. The viscosity of MgSiO3 
bridgmanite resulting from pure climb creep is consequently evaluated and compared with the viscosity 
profiles available from the literature. We show that the inferred variability of viscosity in these profiles 
can be fully accounted for with the chosen variables of our calculation, e.g., diffusion coefficients, 
vacancy concentrations and applied stresses. A refinement of these variables is advocated in order to 
further constrain viscosity and match the observables.

Significant insight into the major features that affect the surface of the Earth (seismicity, volcanism, mountain 
building) has been gained through the understanding that global convection animates the mantle to dissipate the 
internal heat of our planet. However, some fundamental aspects of mantle dynamics remain poorly understood, 
including the rheology.

From the observational point of view, the first constraint on the rheology of the mantle was deduced from the 
analysis of post−glacial uplift1, which assessed a uniform viscosity of the mantle to be ~1021 Pa·s. This estimation 
has proved to be robust over the years. However, further studies based on modelling of mantle convection2,3, the 
geoid4–7, tectonic plate velocities8,9, true polar wander10 and length of day variations11 have consistently pointed 
out a significant increase in viscosity (101–102 times) between the upper and the lower mantle. Most proposed 
profiles consist of a broad viscosity hill in the middle of the mantle, at a depth roughly between 1200 and 2000 
km12–15. Some recent studies, however, suggest a rheology contrast located around 1000 km depth16,17.

Another strong constraint on deep mantle convection is linked to seismic anisotropy, which can provide clues 
on the active deformation mechanisms. Very early, dislocation creep was postulated as a potential deformation 
mechanism in crystalline rocks in the mantle18. Besides implying a non−linear rheology, dislocation creep is also 
very efficient in producing crystal preferred orientation (CPO) and this is a very fruitful line of interpretation 
of seismic anisotropy in the upper mantle19. In a thick layer consisting of elastically anisotropic phases, such as 
the lower mantle, activation of dislocation creep is expected to generate detectable seismic anisotropy, which is 
inconsistent with observations20. Although most of the lower mantle is relatively under−sampled in terms of 
seismicity, the absence of strong evidence for seismic anisotropy between 700 km and 2700 km19,21 provides some 
constraints. This lack of anisotropy has led to the common assumption that diffusion creep, which does not lead 
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to CPO, is the dominant deformation mechanism in the lower mantle22. Unlike dislocation creep, diffusion creep 
corresponds to a linear viscous behaviour. Most importantly, diffusion creep is strongly grain size−dependent. 
Since this parameter is extremely poorly constrained in the mantle, the conditions imposed by the mean grain 
size, the grain size distribution and its possible evolution have attracted attention recently23,24.

Mineral physics represents another important approach to place constraints on mantle convection. 
Bridgmanite, i.e. (Mg,Fe,Al)(Si,Fe,Al)O3 with the orthorhombic perovskite structure, is thought to be elastically 
anisotropic25 and is considered to be the main constituent of the bulk lower mantle, along with (Mg,Fe)O fer-
ropericlase and CaSiO3 perovskite26. The rheology of this mineral is thus of primary importance to understand 
and model convection in the mantle and the dynamics of Earth’s interior. However, bridgmanite is only stable 
under lower mantle conditions and measurements of the strength of materials under simultaneous high pres-
sures and high temperatures are extremely difficult. Multiple studies have been devoted to creep in minerals 
with the perovskite structure (e.g. BaTiO3

27, KTaO3 and KNbO3
28, CaTiO3 and NaNbO3

29, SrTiO3
30), providing 

evidence for dislocation activity. As for bridgmanite, the first deformation experiments performed at room tem-
perature in the diamond anvil cell (DAC) suggested a high strength with little if any indication of plasticity by 
dislocation glide31–33. More recent experiments using laser−heated DAC showed, however, some indication of 
plastic slip in bridgmanite34. The development of opposed− and multi−anvil devices to allow high pressure and 
high temperature deformation experiments represents a major breakthrough, since it opens the path for direct 
investigation of mantle phases35. Using the recently developed rotational Drickamer apparatus (RDA), the first 
deformation experiments on a bridgmanite and ferropericlase assemblage at pressures and temperatures of the 
uppermost lower mantle have been performed36. It was demonstrated that even at a temperature in excess of 2000 
K, bridgmanite retains a very high strength (~4–5 GPa). Microstructural investigation revealed that bridgmanite 
deformed under these conditions through activation of dense shear lamellae37. In another study where bridgman-
ite was deformed at 25 GPa, 1873 K in a deformation-DIA apparatus38, a clear development of crystal preferred 
orientation was linked to the activation of [001](100) slip. No stress was reported in this study. Some studies have, 
however, demonstrated the possibility for diffusion creep and even superplasticity in CaTiO3, a mechanism which 
could be compatible with seismic observations39–41.

In parallel, recent theoretical calculations related to the physics of dislocations in MgSiO3 bridgmanite confirm 
that the lattice friction remains very high, even at high temperature42, which account very well for the high stress 
levels observed in experiments36. Indeed, insights into slip systems and plastic anisotropy of MgSiO3 bridgman-
ite were first gained from modelling dislocation cores and lattice friction at the atomic scale43–47. More recently, 
high temperature dislocation glide has been characterized from the modelling of thermally activated processes 
underlying dislocation glide at finite temperature42. From these theoretical developments, the velocity of dislo-
cations and the flow stress of the material could be calculated not only at pressures and temperatures relevant to 
the lower mantle, but also at relevant strain rates, without extrapolation or parameter adjustment. For MgSiO3 
bridgmanite, such calculations demonstrate that lattice friction remains very high, even at high temperatures 
and mantle strain rates, and that deformation through dislocation glide appears to be extremely unfavourable at 
mantle conditions48.

However, glide is not the only possible mechanism for dislocations to move and produce strain. At high tem-
perature, dislocations in bridgmanite interact strongly with vacancies and, by absorbing them, can move via 
climb49. Deformation by climb, without glide, and possibilities for creep involving it, has received little attention, 
although it had been originally suggested that it might be relevant for rheology in planetary interiors50. Some 
microstructural evidence for climb has been reported, however, in KTaO3 and KNbO3 perovskite deformed by 
creep at high temperature28. Furthermore, it has been demonstrated by dislocation dynamics modelling that 
dislocations in bridgmanite moving by climb alone could lead to steady state creep with a strain−producing effi-
ciency superior to that of diffusion creep51. The main implication of this discovery is that the poorly constrained 
grain size is not a factor controlling the rheology of bridgmanite in the uppermost lower mantle. Although pure 
climb creep is mediated by dislocation motion, it is similar to diffusion creep, for which strain is diffusion−con-
trolled. As with diffusion creep, pure climb creep is consistent with the observed isotropy in the bulk of the lower 
mantle, since materials deforming by this mechanism do not develop rigid body rotations, which are responsible 
for CPO. Diffusion, therefore, represents the key to the rheology of bridgmanite. In the present paper, we revisit 
the available data on diffusion in bridgmanite under lower mantle conditions. The results are incorporated into a 
pure climb creep model50 to propose constraints on the viscosity of bridgmanite in the lower mantle.

Diffusion in Bridgmanite
The rate of dislocation climb is ultimately limited by self−diffusion of the slowest diffusing atomic species. 
Experimental studies of self−diffusion in bridgmanite indicate that oxygen52,53 diffuses significantly faster than 
Mg or Si53–55. This feature is shared with many other perovskite−structured oxides, in which the energy of oxygen 
vacancy migration is more favourable compared to the one of cation vacancies, leading to rapid oxygen transport 
and sluggish cation diffusion56. We therefore focus on cation diffusion as the rate−limiting step for dislocation 
climb in bridgmanite.

Self−diffusion coefficients for Mg and Si53–55 have been measured at pressures relevant to the top of the lower 
mantle (~25 GPa) using a multi−anvil press combined with secondary ion mass spectrometry (SIMS) in depth 
profiling mode. Both polycrystalline53,54 and single crystal55 bridgmanite samples were tested. In the former case, 
both volume and grain boundary diffusion coefficients were extracted, whereas in the latter the single crystals 
avoided complications from grain boundary diffusion. In all cases, however, the characteristic volume diffusion 
length was < 200 nm. The interpretation of such short profiles from high−pressure experiments is uncertain, 
due to analytical artefacts that arise from surface roughening and various ion beam mixing effects in SIMS depth 
profiling. To have a high level of confidence in the diffusion coefficient measurements, particularly when the 
diffusion profiles are so short, it is critical to measure the diffusion coefficient in separate experiments at the 
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same conditions, over a range of time that is sufficient to generate substantially different profile lengths. Ideally, 
the diffusion anneal times at one set of conditions would extend over at least an order of magnitude, which 
would generate diffusion profiles that range in length over approximately a factor of 3. None of the experimental 
self−diffusion studies on bridgmanite have included a convincing time series – the range of times extends only 
over a factor of ~2, and there is no resolvable change in the length of the profiles with time. Because we cannot be 
confident that the cation isotope concentration profiles presented in any of the published studies represent true 
volume diffusion profiles, we conservatively treat the diffusion coefficients extracted from these profiles as upper 
bounds on the true diffusion coefficients. We focus below on the single crystal experiments55, because they char-
acterized both silicon and magnesium diffusion profiles, but these data agree within uncertainty with the results 
obtained with polycrystals53,54.

Further constraints on cation diffusion coefficients in bridgmanite come from first principles calculations and 
atomistic simulations. Theoretical calculations of the self−diffusion coefficients (Dsd) are based on the following 
equation:

=D fX D (1)sd
v v

where f, the correlation coefficient, has a value close to unity and is often neglected, Xv is the fraction of vacant 
sites on the relevant sub−lattice, and the vacancy diffusion coefficient, Dv, is:
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where Z is the number of equivalent jumps that a vacancy can make to adjacent sites, l is the jump distance, ν is 
the jump attempt (or vibration) frequency, ΔHm is the migration enthalpy, kB is the Boltzmann constant, and T 
is the temperature in Kelvins. The migration enthalpies, jump distances, and vibration frequencies for Mg and 
Si have been obtained by density functional theory calculations over the pressure range of the lower mantle57,58. 
The migration enthalpies calculated from first principles, using the local density approximation, are equivalent 
for Si (3.6 eV) and Mg (3.4–3.7 eV) at 25 GPa58, consistent with the apparent similarity in Si and Mg diffusion 
coefficients. We use the values for Mg, because a more extensive set is available57,58 than for Si58, and because Mg 
diffuses by a simple direct jump process, rather than the complicated six−jump cycle used by Si. The migration 
enthalpy for magnesium as a function of pressure is based on simulations of Mg diffusing along the lowest energy 
pathways ([110]a,b and [001]) via a single jump57, resulting in Z = 6 possible jumps (two equivalent jumps for 
each principal direction). The jump distances and frequencies as functions of pressure are from Ammann et al.58. 
The self−diffusion coefficients can then be calculated according to equation (1), provided that the vacancy con-
centration is known.

The vacancy concentration can be bounded at the low end by the intrinsic concentration of vacancies, which 
depends only on the vacancy formation energy. Atomistic simulations show that the SiO2 pseudo−Schottky 
defect is the least favourable defect and therefore that Si is the rate−limiting species in an intrinsic diffusion 
regime59. Assuming a purely intrinsic defect mechanism, we calculate the Si vacancy concentration as a function 
of pressure based on this SiO2 pseudo−Schottky formation enthalpy from Watson et al.59. This results in an 
intrinsic Si vacancy concentration of 10−20–10−14 throughout the pressure range of the lower mantle. At the high 
end, we can define the upper limits on the diffusion coefficient considering an extrinsic regime as determined by 
experiments, with an evaluation of a reasonable interval of variability for the vacancy concentration.

It is possible to indirectly estimate an upper limit on Xv from equation (1) by combining the Dsd coefficients 
obtained by Xu et al.55 on magnesium self−diffusion in bridgmanite and the Dv values estimated using the 
Ammann et al.58 approach at the same pressure and temperatures. In Table 1 the numerical values for Dsd and Dv 
from experiments and first principles atomistic simulations, respectively, are provided together with the Xv values, 
estimated using equation (1). The pressure is here fixed at 25 GPa. This calculation gives upper limits on the Mg 
vacancy concentration that are consistently on the order of 10−2. If the vacancy concentration were higher and 
diffusion faster, the measured profiles would have been longer. Hence, we treat 10−2 as the upper bound on the 
cation vacancy concentration in bridgmanite in these experiments and by extension, the lower mantle. Although 
this upper bound estimate was obtained from experiments on nominally pure MgSiO3, we note that the addition 
of trace or minor elements is unlikely to change the upper bound on the rate-limiting vacancy concentration 
significantly. If trivalent cations partition preferentially onto the Si site, there will be an increased production 
of extrinsic oxygen vacancies, suppressing the concentration of cation vacancies. If instead trivalent impurities 

T (K) Dsd (m2/s)55 Dv (m2/s)58 Xv

1670 2.6 ∙ 10−20 2.6 ∙ 10−18 1.0 ∙ 10−2

1770 1.5 ∙ 10−20 1.1 ∙ 10−17 1.4 ∙ 10−3

1870 2.1 ∙ 10−19 4.0 ∙ 10−17 5.2 ∙ 10−3

1870 1.9 ∙ 10−19 4.0 ∙ 10−17 4.6 ∙ 10−3

2070 1.1 ∙ 10−18 3.6 ∙ 10−16 2.9 ∙ 10−3

Table 1.  The vacancy concentration Xv is indirectly estimated using equation (1). The self−diffusion coefficients 
Dsd are from Xu et al.55 and the vacancy diffusion coefficients Dv are calculated from Ammann et al.58. Both Dsd 
and Dv are estimated at 25 GPa.
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partitioned preferentially onto the Mg site in lower mantle bridgmanite, this would enhance the cation vacancy 
concentrations. However, this type of disorder would also depress oxygen vacancy concentrations to extremely 
low values (at the intrinsic level, or below). Diffusion of oxygen would then be rate-limiting for climb, and would 
be quite sluggish with vacancy concentrations many orders of magnitude below 10−2.

In Table 2 all the necessary parameters to calculate the self–diffusion coefficients at different pressures are 
provided. In Fig. 1 we show the diffusion coefficients calculated according to equations (1) and (2) along a mantle 
geotherm60. It is evident that the values calculated considering an intrinsic vacancy concentration for Si are not 
meaningful with respect to terrestrial time scales of deformation. Hence, we consider an upper bound of 10−2 for 
the rate-limiting vacancy concentration, and also consider, for the purposes of illustration, a much lower vacancy 
concentration of 10−6 as inputs in the creep model for bridgmanite, which is described in the next paragraph.

Creep Model
In this paper, following the work of Boioli et al.51, we investigate the steady state creep behaviour of bridgmanite 
resulting from deformation by pure climb50. This mechanism, proposed by Nabarro in 1967, considers crystals 
containing a network of dislocations (dislocation density ρ) which move by pure climb (i.e. a displacement per-
pendicular to the glide plane by emission/absorption of point defects). In the original work of Nabarro50, the need 
for climb arose from a large density of jogs on the dislocation lines resulting from the mutual crossing of the dis-
locations, which drastically reduces the efficiency of glide. In the present case, however, climb requires attention 
due to the high lattice friction which inhibits glide in bridgmanite42,48. In pure climb creep, dislocations play the 
role of sources and sinks of point defects (the same role played by grain boundaries in Nabarro−Herring creep). 
By absorbing or emitting vacancies or ions, dislocations move by climb and produce strain (without producing 
lattice rotation). The strain rate resulting from this process reads50:
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where Dsd is the self–diffusion coefficient as discussed above, b is the Burgers vector, σ is the applied, deviatoric 
stress and μ is the shear modulus. Compared to the Boioli et al.51 simulations, where the initial dislocation density 
was a simulation parameter, Nabarro’s model accounts for steady state conditions by allowing the microstructure 
to adjust its equilibrium dislocation density with respect to the applied stress (more insights are provided in the 
Supplementary material). According to the derivation made by Nabarro, pure climb creep results in a non−linear 
rheology, where the strain rate depends on stress to the power of 3. Indeed, in pure climb creep, the dislocation 

P (GPa) Depth (km) T (K) ν (THz) l (Å) ΔHMg (eV) Dsd (m2/s)

30 809 1992 5.9 2.42 3.8 7.1 ∙ 10−19

60 1457 2256 8.9 2.36 4.7 2.0 ∙ 10−19

90 2060 2487 12.9 2.31 5.4 9.6 ∙ 10−20

120 2617 2689 17.5 2.27 5.9 6.5 ∙ 10−20

Table 2.  Estimate of the parameters necessary to evaluate the self–diffusion coefficients Dsd at different pressures 
along the geotherm60 using equations (1) and (2). The vacancy concentration Xv is here set equal to 10−2.

Figure 1.  Diffusion coefficients Dsd along the geotherm. Here are shown the values for intrinsic diffusion 
obtained from the Si Schottky vacancy formation enthalpy of Watson et al.59 (black dashed line) together with 
the extrinsic values for Mg obtained with the selected vacancies concentrations Xv1 and Xv2 (solid and dashed 
red lines, respectively).

https://doi.org/10.1038/s41598-018-38449-8


www.nature.com/scientificreports/

5Scientific Reports |          (2019) 9:2053  | https://doi.org/10.1038/s41598-018-38449-8

network is established under the balancing influences of dipole annihilation and multiplication from the opera-
tion of Bardeen−Herring sources61. Despite this difference, the results of the dislocation dynamics model51 are in 
excellent agreement with the theoretical predictions of equation (3) from Nabarro50 (see Supplementary Fig. 1).

Results
The pure climb creep model of Nabarro50 allows the calculation of the strain rates of bridgmanite at given pres-
sures and temperatures and as a function of stress. Here we make calculations along a geotherm60. How the 
deviatoric stresses σ vary in the mantle is very poorly known since observables at the surface of the Earth are only 
related to strain or strain rate. The values most commonly accepted are of the order of a few MPa62,63. Since the 
strain rate of pure climb creep is quite sensitive to stress (stress exponent of 3), we have run calculations with devi-
atoric stresses in the range 1–10 MPa to account at best for the variability of this important parameter. The shear 
modulus µ of bridgmanite and its pressure−depth dependence were estimated using values from the Preliminary 
Reference Earth Model, PREM64.

One can compare the efficiency of pure climb creep and diffusion (Nabarro–Herring) creep by building defor-
mation mechanism maps. Here the critical parameter is the grain size. In Fig. 2, a map describing the strain rate 
for both mechanisms as a function of the grain size is presented. Three stresses (1, 5 and 10 MPa) are considered 
at given PT conditions along the geotherm60 (here 30 GPa and 2000 K, corresponding to the upper part of the 
lower mantle. Similar maps at 75 GPa, 2400 K and 120 GPa, 2700 K are presented in the supplementary materials). 
For each stress, the pure climb creep is represented as a horizontal line since this mechanism is grain–size inde-
pendent. These lines exhibit a lower bound because of the existence of a critical stress needed to activate a dislo-
cation source. In climb, dislocation multiplication is made possible by the activation of sources known as 
Bardeen–Herring sources61 which are the equivalent for climb as the Frank–Read sources observed in glide. The 
physics for the opening of both sources, based on the line tension, is equivalent, leading to a critical stress σc for 
opening in the form of:

σ μ
= .

b
l (4)c
c

where lc is the critical size of the source. Since, for geometrical reasons, lc has to be smaller than the grain size, a 
bound is placed on the pure climb creep regime for a given stress.

Diffusion creep or Nabarro–Herring creep, on the other hand, is expressed by a constitutive equation which 
reads:

ε
σ

=
Ω

. A D
d k T (5)

NH

sd

B
2

where d is the grain size and Ω is the atomic volume, equal to the elementary cell volume divided by the number 
of formula units per unit cell. The cell volume at the considered PT conditions was estimated from the Mie–
Grüneisen–Debye Vinet equation of state for MgSiO3 bridgmanite65. ANH is a numerical factor depending on the 
shape of the grain and the boundary conditions, and in the impossibility of grain boundary sliding at constant 
stress is equal to 16/3.

The interception of the Nabarro–Herring and pure climb creep curves for the same value of applied stress is 
marked by a black dot In Fig. 2. This point identifies the value of grain size for which pure climb creep becomes 
more efficient than Nabarro–Herring creep, i.e., produces a larger strain rate at the same applied stress. By 
connecting the different dots marking this transition at different stresses, it is possible to separate the space in 

Figure 2.  Deformation mechanism map (strain rate ε vs. grain size) at 30 GPa, 2000 K comparing pure climb 
creep (PCC) and Nabarro–Herring (NH) mechanisms. PCC dominates in the region marked in red and NH 
dominates in the blue region.
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different grain size domains where one mechanism is more efficient than the other. As a result, one can see that 
above a grain size of 0.1–1 mm, pure climb creep is expected to be the dominant mechanism.

Figure 3 shows the strain rates as a function of depth considering extrinsic diffusion of Mg as the rate−
limiting factor for climb. The vacancy concentrations Xv1 and Xv2, as discussed above, are set to 10−2 and 10−6, 
respectively.

Knowing the strain rates it is possible to calculate the effective viscosity η:

η σ
ε

= .


(6)

In Fig. 4 the calculated viscosity is plotted along the geotherm for the same stresses and vacancy concentrations 
described above. Figures 3 and 4 show consistently a steady, monotonic evolution of strain rate and viscosity along 
the geotherm60 until the marked temperature increase in the boundary layer at the D″ leads to a strong drop (ca. 
3 log units) of the viscosity of bridgmanite. This simply illustrates the effect of temperature in a thermal boundary 
layer. Seismic observations show that this thermal boundary layer is characterized by strong lateral variations, 
which have been associated with rich thermochemical complexity66,67 and should be addressed in future studies. 
Our focus is on the bulk of the lower mantle, where the conjugate effect of pressure and temperature along the 
geotherm is relatively modest, leading to an increase of 2 log units from the base of the transition zone to the D″ 
layer. In comparison, the variability permitted by the range of stresses (1–10 MPa) and vacancy concentrations 
(10−6–10−2) is much larger: around 5 orders of magnitude. Table 3 shows the obtained values of strain rate ε and 
viscosity η at different pressures and temperatures considering a vacancy concentration Xv of 10−2 and an applied 
stress σ of 1 MPa (see the Supplementary material for values at different Xv and applied stress).

Figure 3.  Strain rates of bridgmanite along the geotherm calculated with the Nabarro50 creep model for stresses 
of 10 (red lines) and 1 (blue lines) MPa and vacancy concentrations of 10−2 (solid lines) and 10−6 (dashed lines).

Figure 4.  (a) Viscosity of bridgmanite along the geotherm for stresses of 10 (red lines) and 1 (blue lines) MPa 
and vacancy concentrations Xv of 10−2 (solid lines) and 10−6 (dashed lines). The obtained absolute values and 
variability of viscosity are compared with the data of Forte and Mitrovica13, Mitrovica & Forte14, Steinberger & 
Calderwood68 and (b) Rudolph et al.17 (R15). The scale on the y axis is the same for the (a) and (b) figures.
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Discussion
It is thus interesting to compare our predictions with some viscosity profiles from the literature. In Fig. 4a, com-
parison is made with the models of Mitrovica & Forte14. It is striking that the monotonic increase of viscosity 
reported by Mitrovica & Forte14 mimics very well our prediction down to ca. 2000 km depth. The values are 
also in very good agreement, and it must be noted that despite the wide range of our calculations, they are quite 
consistent with the viscosity profile of the lower mantle suggested by most geodynamic observables. In fact, a 
comparison with the data of Steinberger & Calderwood68 confirms this agreement. The depth−dependent vis-
cosity they obtain overlaps with the data of this study over the whole depth range of the lower mantle. The vis-
cosity decrease reported by Mitrovica & Forte14 below 2000 km depth cannot be explained by our model if stress 
and point defect chemistry remain constant. However, the range of changes can very well be explained within 
reasonable variations of these parameters as considered in this study. Considering also the profile obtained by 
Forte & Mitrovica13, it is possible to conclude that the present approach brackets the existing profiles also in terms 
of overall variability. Although they propose a very different view of the viscosity structure of the lower mantle, 
the results of Rudolph et al.17 also are consistent with our results (Fig. 4b). In that case only the variations can be 
compared since Rudolph et al.17 propose only relative viscosity profiles. However, one can see on Fig. 4b that the 
range of viscosity corresponding to the hill that they propose at 1000–1500 km depth can well be described within 
the variability of our model.

Conclusions and Perspectives
In a framework where the rheology of the lower mantle is primarily constrained by pure climb creep, ultimately 
controlled by diffusion, our progress on understanding the viscosity of this region will be controlled by our 
knowledge of this key parameter. Experimental data on diffusion in bridgmanite are limited, due to the difficulties 
of performing diffusion experiments at high pressure and also because diffusion appears to be very slow in bridg-
manite, making the measurement of diffusion profiles a very challenging task. Figure 4 shows that the viscosity 
profiles based upon geophysical observations and their variation with depth fall wholly in the range of conditions 
(stresses, vacancy concentrations) that can be anticipated for the mantle using the present approach. Indeed, in 
the lower mantle, bridgmanite may exhibit radial and lateral variations (at different scales) in chemistry, not cap-
tured in PREM64, which may affect vacancy concentrations, the shear modulus and the diffusivity. In this paper, 
we kept the discussion in the very simple framework of a 1D viscosity profile throughout the lower mantle. The 
lower mantle is, however, expected to present heterogeneities at different scales. For example, Ballmer et al.69 have 
shown that large scale heterogeneities such as the BEAMS (bridgmanite−enriched ancient mantle structures) can 
survive (and even organize) mantle convection. Recently, Shim et al.70 suggested that iron partitioning between 
bridgmanite and ferropericlase could be significantly affected by large changes in the oxidation state of iron in 
bridgmanite. They proposed a lowering of the total iron content in bridgmanite in the mid–mantle that they relate 
to viscosity changes through scaling laws such as the homologous temperature relation. In this context, more 
detailed predictions could be made by relating chemistry and oxidation state to vacancy concentrations. This 
would require, among other things, a better understanding of point defect chemistry in bridgmanite. To the best 
of our knowledge, the only detailed theoretical study of point defect chemistry is the one of Hirsch & Shankland71 
for Fe−bearing bridgmanite. It must be recognized that, although much progress has been made on this front, the 
actual species of iron in bridgmanite (oxidization state, spin state, and associated crystallographic sites) are still 
not well constrained. Moreover, the study of Hirsch & Shankland71 did not consider the presence of aluminium. 
Efforts to better understand the point defects that control creep in bridgmanite and their concentrations in the 
lower mantle should be a priority in the near future.

References
	 1.	 Haskell, N. A. The motion of a fluid under a surface load. Physics 6, 265–269 (1935).
	 2.	 Bunge, H. P., Richards, M. A. & Baumgardner, J. R. Effect of depth-dependent viscosity on the planform of mantle convection. 

Nature 379, 436–438 (1996).
	 3.	 Tackley, P. J. On the ability of phase transitions and viscosity layering to induce long wavelength heterogeneity in the mantle. 

Geophys. Res. Lett. 23, 1985–1988 (1996).
	 4.	 Hager, B. H. & Richards, M. A. Long-wavelength variations in Earths geoid - Physical models and dynamical implications. Phil. 

Trans. Roy. Soc. A 328, 309–327 (1989).
	 5.	 King, S. D. & Masters, G. An Inversion for radial viscosity structure using seismic tomography. Geophys. Res. Lett. 19, 1551–1554 

(1992).
	 6.	 King, S. D. Radial models of mantle viscosity: results from a genetic algorithm. Geophys. J. Int. 122, 725–734 (1995).
	 7.	 Bunge, H. P. & Richards, M. The origin of large-scale structure in mantle convection: Effects of plate motions and viscosity 

stratification. Geophys. Res. Lett. 23, 2987–2990 (1996).

P (GPa) Depth (km) T (K) ε (s−1) η (Pa∙s)

30 809 1992 1.0 ∙ 10−14 9.8 ∙ 1019

60 1457 2256 1.6 ∙ 10−15 6.3 ∙ 1020

90 2060 2487 5.1 ∙ 10−16 2.0 ∙ 1021

120 2617 2689 2.4 ∙ 10−16 4.1 ∙ 1021

Table 3.  Estimate of the strain rates ε and viscosities η at different pressures along the geotherm using the creep 
model of Nabarro50 displayed in equation (3). Here the vacancy concentration Xv and the deviatoric stress are 
set equal to 10−2 and 1 MPa, respectively.

https://doi.org/10.1038/s41598-018-38449-8


www.nature.com/scientificreports/

8Scientific Reports |          (2019) 9:2053  | https://doi.org/10.1038/s41598-018-38449-8

	 8.	 Ricard, Y., Richards, M., Lithgow-Bertelloni, C. & LeStunff, Y. A geodynamic model of mantle density heterogeneity. J. Geophys. Res. 
98, 21895–21909 (1993).

	 9.	 Butterworth, N. P., Talsma, A. S., Müller, R. D., Seton, M. & Bunge, H. P. Geological, tomographic, kinematic and geodynamic 
constraints on the dynamics of sinking slabs. J. Geodyn. 73, 1–13 (2014).

	10.	 Phillips, B. R., Bunge, H. P. & Schaber, K. True polar wander in mantle convection models with multiple, mobile continents. 
Gondwana Res. 15, 288–296 (2009).

	11.	 Sabadini, R. & Yuen, D. A. Mantle stratification and long-term polar wander. Nature 339, 373–375 (1989).
	12.	 Ricard, Y. & Wuming, B. Inferring the viscosity and the 3-D density structure of the mantle from geoid, topography and plate 

velocities. Geophys. J. Int. 105, 561–571 (1991).
	13.	 Forte, A. M. & Mitrovica, J. X. Deep-mantle high-viscosity flow and thermochemical structure inferred from seismic and 

geodynamic data. Nature 410, 1049–1056 (2001).
	14.	 Mitrovica, J. X. & Forte, A. M. A new inference of mantle viscosity based upon joint inversion of convection and glacial isostatic 

adjustment data. Earth Planet. Sc. Lett. 225, 177–189 (2004).
	15.	 Morra, G. et al. The fate of the slabs interacting with a density/viscosity hill in the mid-mantle. Phys. Earth Planet. Int. 180, 271–282 

(2010).
	16.	 Ballmer, M. D., Schmerr, N. C., Nakagawa, T. & Ritsema, J. Compositional mantle layering revealed by slab stagnation at ~1000-km 

depth. Sci. Adv. 1, e1500815 (2015).
	17.	 Rudolph, M. L., Lekić, V. & Lithgow-Bertelloni, C. Viscosity jump in Earth’s mid-mantle. Science 350, 1349–1352 (2015).
	18.	 Orowan, E. Convection in a non-newtonian mantle, continental drift, and mountain building. Philos. T. R. Soc. A 258, 284–313 

(1965).
	19.	 Mainprice, D., Barruol, G. & Ben Ismail, W. The Seismic Anisotropy of the Earth’s Mantle: from Single Crystal to Polycrystal. In 

Karato, S. I. et al. Earth’s Deep Interior: Mineral Physics and Tomography From the Atomic to the Global Scale. (Geophys. Monogr. Ser., 
AGU, Washington D. C., 2000).

	20.	 Meade, C., Silver, P. G. & Kaneshima, S. Laboratory and seismological observations of lower mantle isotropy. Geophys. Res. Lett. 22, 
1293–1296 (1995).

	21.	 Montagner, J. P. & Kennett, B. L. N. How to reconcile body-wave and normal mode reference earth models. Geophys. J. Int. 125, 
229–248 (1996).

	22.	 Karato, S. I. & Li, P. Diffusion creep in perovskite: implications for the rheology of the lower mantle. Science 255, 1238–1240 (1992).
	23.	 Rozel, A., Ricard, Y. & Bercovici, D. A thermodynamically self-consistent damage equation for grain size evolution during dynamic 

recrystallization. Geophys. J. Int. 184, 719–728 (2012).
	24.	 Glišović, P., Forte, A. M. & Ammann, M. W. Variations in grain size and viscosity based on vacancy diffusion in minerals, seismic 

tomography, and geodynamically inferred mantle rheology. Geophys. Res. Lett. 42, 6278–6286 (2015).
	25.	 Wentzcovitch, R. M., Karki, B. B., Cococcioni, M. & Gironcoli, S. D. Thermoelastic properties of MgSiO3-perovskite: insights into 

the nature of the Earth’s lower mantle. Phys. Rev. Lett. 92, 018501 (2004).
	26.	 Irifune, T. Absence of an aluminous phase in the upper part of the Earth’s lower mantle. Nature 370, 131–133 (1994).
	27.	 Beauchesne, S. J. & Poirier, P. Creep of barium titanate perovskite: a contribution to a systematic approach to the viscosity of the 

lower mantle. Phys. Earth Planet. In. 61, 182–198 (1989).
	28.	 Beauchesne, S. & Poirier, J. P. In search of a systematics for the viscosity of perovskites: creep of potassium tantalate and niobate. 

Phys. Earth Planet. Int. 61, 182–198 (1990).
	29.	 Wright, K., Price, G. & Poirier, J. P. High temperature creep of the perovskites CaTiO3 and NaNbO3. Phys. Earth Planet. Int. 74, 9–22 

(1992).
	30.	 Wang, Z., Karato, S. I. & Fujino, K. High temperature creep of single crystal strontium titanate (SrTiO3): a contribution to creep 

systematics in perovskites. Phys. Earth Planet. Int. 79, 299–312 (1993).
	31.	 Meade, C. & Jeanloz, R. The strength of mantle silicates at high pressures and room temperature: implications for the viscosity of the 

mantle. Nature 348, 533–535 (1990).
	32.	 Merkel, S. et al. Deformation of (Mg0.9,Fe0.1)SiO3 Perovskite aggregates up to 32 GPa. Earth Planet. Sc. Lett. 209, 351–360 (2003).
	33.	 Wenk, H. R. et al. In situ observation of texture development in olivine, ringwoodite, magnesiowüstite and silicate perovskite at high 

pressure. Earth Planet. Sc. Lett. 226, 507–519 (2004).
	34.	 Miyagi, L. & Wenk, H.-R. Texture development and slip systems in bridgmanite and bridgmanite + ferropericlase aggregates. Phys. 

Chem. Minerals 43, 597–613 (2016).
	35.	 Cordier, P., Ungár, T., Zsoldos, L. & Tichy, G. Dislocation creep in MgSiO3 perovskite at conditions of the Earth’s uppermost lower 

mantle. Nature 428, 837–840 (2004).
	36.	 Girard, J., Amulele, G., Farla, R., Mohiuddin, A. & Karato, S. I. Shear deformation of bridgmanite and magnesiowüstite aggregates 

at lower mantle conditions. Science 351, 144–147 (2016).
	37.	 Nzogang, B. et al. Characterization of bridgmanite and ferropericlase aggregates deformed at HP-HT by Scanning Precession 

Electron Diffraction. Geochem. Geophy. Geosy. 19, 582–594 (2018).
	38.	 Tsujino, N. et al. Mantle dynamics inferred from the crystallographic preferred orientation of bridgmanite. Nature 539, 81–85 

(2016).
	39.	 Karato, S. I. & Li, P. Diffusion creep in perovskite: implication for the rheology of the lower mantle. Science 255, 1238–1240 (1992).
	40.	 Karato, S. I., Zhang, S. & Wenk, H. R. Superplasticity in Earth’s Lower Mantle: Evidence from Seismic Anisotropy and Rock Physics. 

Science 270, 458–461 (1995).
	41.	 Li, P., Karato, S. I. & Wang, Z. High-temperature creep in fine-grained polycrystalline CaTiO3, an analogue material of (Mg,Fe)SiO3 

perovskite. Phys. Earth Planet. Int. 95, 19–36 (1996).
	42.	 Kraych, A., Carrez, P., Hirel, P., Clouet, E. & Cordier, P. Peierls potential and kink-pair mechanism in high-pressure MgSiO3 

perovskite: an atomic scale study. Phys. Rev. B 93, 014103 (2016).
	43.	 Carrez, P., Ferré, D. & Cordier, P. Implications for plastic flow in the deep mantle from modelling dislocations in MgSiO3 minerals. 

Nature 446, 68–70 (2007).
	44.	 Ferré, D., Carrez, P. & Cordier, P. First principles determination of dislocations properties of MgSiO3 perovskite at 30 GPa based on 

the Peierls-Nabarro model. Phys. Earth Planet. Int. 163, 283–291 (2007).
	45.	 Gouriet, K., Carrez, P. & Cordier, P. Modelling [100] and [010] screw dislocations in MgSiO3 perovskite based on the Peierls-

Nabarro-Galerkin model. Modelling Simul. Mater. Sci. Eng. 22, 025020 (2014).
	46.	 Hirel, P., Kraych, A., Carrez, P. & Cordier, P. Atomic core structure and mobility of [100](010) and [010](100) dislocations in MgSiO3 

perovskite. Acta Mater. 79, 117–125 (2014).
	47.	 Hirel, P., Carrez, P. & Cordier, P. From glissile to sessile: effect of temperature on < 110 > dislocations in perovskite materials. Scripta 

Mater. 120, 67–70 (2016a).
	48.	 Kraych, A., Carrez, P. & Cordier, P. On dislocation glide in MgSiO3 bridgmanite. Earth Planet. Sc. Lett. 452, 60–68 (2016).
	49.	 Hirel, P., Carrez, P., Clouet, E. & Cordier, P. The electric charge and climb of edge dislocations in perovskite oxides: the case of high-

pressure MgSiO3 bridgmanite. Acta Mater. 106, 313–321 (2016).
	50.	 Nabarro, F. R. N. Steady-state diffusional creep. Philos. Mag. A 16, 231–237 (1967).
	51.	 Boioli, F. et al. Pure climb creep mechanism drives flow in the Earth’s lower mantle. Sci. Adv. 3, e1601958 (2017).
	52.	 Dobson, D. P. Oxygen ionic conduction in MgSiO3 perovskite. Phys. Earth Planet. Int. 139, 55–64 (2003).

https://doi.org/10.1038/s41598-018-38449-8


www.nature.com/scientificreports/

9Scientific Reports |          (2019) 9:2053  | https://doi.org/10.1038/s41598-018-38449-8

	53.	 Dobson, D. P., Dohmen, R. & Wiedenbeck, M. Self-diffusion of oxygen and silicon in MgSiO3 perovskite. Earth Planet. Sci. Lett. 270, 
125–129 (2008).

	54.	 Yamazaki, D., Kato, T., Yurimoto, H., Ohtani, E. & Toriumi, M. Silicon self-diffusion in MgSiO3 perovskite at 25 GPa. Phys. Earth 
Planet. Int. 119, 299–309 (2000).

	55.	 Xu, J. et al. Silicon and magnesium diffusion in a single crystal of MgSiO3 perovskite. J. Geophys. Res. 116, B12205 (2011).
	56.	 Islam, M. S. Ionic transport in ABO3 perovskite oxides: a computer modelling tour. J Mater. Chem. 10, 1027–1038 (2000).
	57.	 Ammann, M. W., Brodholt, J. P. & Dobson, D. P. DFT study of migration enthalpies in MgSiO3 perovskite. Phyis. Chem. Miner. 36, 

151–158 (2009).
	58.	 Ammann, M. W., Brodholt, J. P., Wookey, J. & Dobson, D. P. First-principles constraints on diffusion in lower-mantle minerals and 

a weak D′′ layer. Nature 465, 462–465 (2010).
	59.	 Watson, G. W., Wall, A. & Parker, S. C. Atomistic simulation of the effect of temperature and pressure on point defect formation in 

MgSiO3 perovskite and the stability of CaSiO3 perovskite. J. Phys.: Condens. Matter 12, 8427 (2000).
	60.	 Stacey, F. & Davis, P. High pressure equations of state with applications to the lower mantle and core. Phys. Earth Planet. Int. 142, 

137–184 (2004).
	61.	 Bardeen, J. & Herring, C. Diffusion in alloys and the Kirkendall effect. In Schockley, W. Imperfections in nearly perfect crystals (Wiley, 

NY, 1952).
	62.	 Kaula, W. M. Elastic models of the mantle corresponding to variations in the external gravity field. J. Geophys. Res. 68, 4967–4978 

(1963).
	63.	 McKenzie, D. P. The viscosity of the lower mantle. J. Geophys. Res. 71, 3995–4010 (1966).
	64.	 Dziewonski, A. M. & Anderson, D. L. Preliminary reference Earth model. Phys. Earth Planet. Int. 25, 297–356 (1981).
	65.	 Tange, Y., Kuwayama, Y., Irifune, T., Funakoshi, K. & Ohishi, F. P-V-T equation of state of MgSiO3 perovskite based on the MgO 

pressure scale: A comprehensive reference for mineralogy of the lower mantle. J. Geophys. Res. 117, B06201 (2012).
	66.	 Sun, D. & Helmberger, D. Lower mantle tomography and phase change mapping. J.Geophys. Res.- Sol. Ea. 113, 2156–2202 (2008).
	67.	 Cobden, L., Thomas, C. & Trampert, J. Seismic detection of post-perovskite inside the Earth, in The Earth’s Heterogeneous Mantle. 

In Khan, A. & Deschamps, F. The Earth’s Heterogeneous Mantle (Springer, Switzerland, 2015).
	68.	 Steinberger, B. M. & Calderwood, A. R. Mineral physics constraints on viscous flow models of mantle flow. J. Conf. Abs 6, 423–424 

(2001).
	69.	 Ballmer, M. D., Houser, C., Hernlund, J. W., Wentzcovitch, R. M. & Hirose, K. Persistence of strong silica-enriched domains in the 

Earth’s lower mantle. Nat. Geosci. 10, 236–241 (2017).
	70.	 Shim, S. H. et al. Stability of ferrous-iron-rich bridgmanite under reducing midmantle conditions. Proc. Nat. Acad. Sci. 114, 

6468–6473 (2017).
	71.	 Hirsch, L. M. & Shankland, T. J. Point defects in (Mg,Fe)SiO3 perovskite. Geophys. Res. Lett. 18, 1305–1308 (1991).

Acknowledgements
This work was supported by funding from the European Research Council under the Seventh Framework 
Programme (FP7), ERC grant N°290424 – RheoMan. J.M.J. is thankful for support from the National Science 
Foundation (NSF) under EAR–CSEDI–1316362 and W. M. Keck Institute for Space Studies. J.S.P. was supported 
by NSF EAR−PF #14-52545. We are thankful to the CIDER program set at the Kavli Institute for Theoretical 
Physics, University of California, Santa Barbara (NSF EAR−1135452, funded under the FESD Program).

Author Contributions
P.C. and PhC designed the project and supervised the introduction and creep model sections. J.A.V.O. and J.P. 
supervised the diffusion section. R.R. performed the modelling with J.P., J.A.V.O. and F.B. All authors discussed 
and interpreted the results and implications. R.R. prepared figures, tables and wrote the manuscript with 
contributions of all authors.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-38449-8.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-018-38449-8
https://doi.org/10.1038/s41598-018-38449-8
http://creativecommons.org/licenses/by/4.0/

	The role of diffusion-driven pure climb creep on the rheology of bridgmanite under lower mantle conditions

	Diffusion in Bridgmanite

	Creep Model

	Results

	Discussion

	Conclusions and Perspectives

	Acknowledgements

	Figure 1 Diffusion coefficients Dsd along the geotherm.
	Figure 2 Deformation mechanism map (strain rate vs.
	Figure 3 Strain rates of bridgmanite along the geotherm calculated with the Nabarro50 creep model for stresses of 10 (red lines) and 1 (blue lines) MPa and vacancy concentrations of 10−2 (solid lines) and 10−6 (dashed lines).
	Figure 4 (a) Viscosity of bridgmanite along the geotherm for stresses of 10 (red lines) and 1 (blue lines) MPa and vacancy concentrations Xv of 10−2 (solid lines) and 10−6 (dashed lines).
	Table 1 The vacancy concentration Xv is indirectly estimated using equation (1).
	Table 2 Estimate of the parameters necessary to evaluate the self–diffusion coefficients Dsd at different pressures along the geotherm60 using equations (1) and (2).
	Table 3 Estimate of the strain rates and viscosities η at different pressures along the geotherm using the creep model of Nabarro50 displayed in equation (3).




